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The present study evaluated the effects of heat stress on the ram seminal plasma proteome. Six
Morada Nova rams were scrotal insulated for 8 days. Scrotal circumference, sperm parameters,
andseminalﬂuidproteinswereevaluatedbefore (Day0)and twiceduringscrotal insulation(Days
4 and 8), andweekly until semenparameters returned to preinsulation values (normal). Seminal
proteins were analyzed by two-dimensional SDS-PAGE and mass spectrometry. Scrotal circum-
ference decreased from 30 0.4 cm on Day 0 to 22.6 0.6 cm on Day 36 (P< 0.05) and became
equivalent to preinsulation values on Day 71. Motile sperm became nearly absent from Day 8 to
Day 64 but returned to normal on Day 113. Percentage of normal sperm changed similarly and
returned to normal on Day 106. Rams were azoospermic between Days 29 and 64, and sperm
concentrationcameback tonormalonDay92. Thenumberof spots/two-dimensionalgel reduced
from256 31onDay0 to104 14onDay29 (when ramswereazoospermic) and then increased
to1839onDay113(P<0.05), similar tospotcountsbefore insulation.The intensitiesof24spots,
referring to 17 seminal plasma proteins, were affected by treatment (P < 0.05). After insulation,
seminal plasma had greater expression of actin (two isoforms), albumin, heat shock protein
70 kDa, protein DJ-1, HRPE773-like, C-reactive protein precursor, bodhesin-2 (one isoform),
spermadhesins.Mostprotein spotshad thegreatest intensitybetweenDays8and29, returning to
preinsulation values on Day 113 (when many sperm criteria returned to normal). Proteins
downregulated after scrotal insulation included dipeptidyl peptidase 3, isoforms of heat shock
protein 90 kDa, RSVP22,MMP2 and of Bdh2. In this case, RSVP22was reduced onDay 113 and all
others, onDay134. ExpressionofMMP2andHSP90.1was reduced throughout the study. Integrin
b5, V-type Hþ-ATPase subunit A, ZBTB 42-like protein, isoforms of Bdh2, PSP-I, and RSVP22were
upregulatedafter testis insulation. Intensitiesof thesespotsweremaximum(P<0.05)8daysafter
insulationstartedoronDay29.Expressionofmostof suchproteinsreturnedtonormalonDay113.
In conclusion, scrotal insulation affected testis and sperm parameters of rams, indicating alter-
ations in both spermatogenesis and sperm maturation. Changes of seminal plasma proteome
were coincidental with variations in semen parameters. Proteins affected by heat challenge are
potentially involved in sperm protection, maturation, and fertilization.
 2015 Elsevier Inc. All rights reserved.ax: 55-85-3366-9701.
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In the male, germ cells are produced in the testis,
matured in the epididymis, and stored at a quiescent state
in the cauda epididymis. On ejaculation, epididymal ﬂuid
and sperm are mixed with secretions of the accessory sex
glands and placed in the female reproductive tract. As well
known, sound fertility, from the male perspective, depends
on hormonal and metabolic support to biochemical events
occurring in the testis itself, epididymis, and also after
ejaculation. Moreover, not only intrinsic factors of sperm
origin but also external ones from the reproductive ﬂuids
can inﬂuence the male’s capacity to produce sufﬁcient
number of functionally normal spermatozoa [1,2].
Normal testis function depends on temperatures 4 C to
5 C lower than body temperature [3], and disruption of this
condition causes varied degrees of damages to the gonadal
parenchyma and sperm production. Thus, exposure of ani-
mals to high temperatures potentially affects their repro-
ductive efﬁciency, and this condition is of particular concern
in tropical areas where air temperature is many times above
the capacity of thermoregulation. In fact, altered mecha-
nisms of testicular thermoregulation have been reported as
one of the main causes of subfertility in herds raised in
tropical regions [3]. Studies have been conducted using
scrotal insulation as a model to evaluate the effects of
thermal injury to the testes of domestic species, such as the
ram [4]. Also, it has been well established that high testic-
ular temperature affects sperm cell motility, morphology,
acrosome status, and sperm chromatin protamination, as
evaluated by phase-contrast microscopy, ﬂuorescent dyes,
Giemsa staining, and computerized assisted semen analyzer
[5–7]. Elevated testis temperature affects pituitary and
gonad hormonal secretion [8], testis echotexture [9], semi-
niferous epithelium structure [10], and it certainly also
causes disruption of normal epididymal function. Consid-
ering the importance of information about the effects of
high temperature on the testis and epididymis, it is sur-
prising that knowledge about this type of stress on seminal
plasma components is still scarce. As well reported, the
seminal plasma is a mixture of components mainly secreted
from the epididymis and accessory sex glands, and many of
those components affect speciﬁc aspects of sperm function,
such as motility [11], morphology [12], capacitation and
acrosome reaction [13], interaction with the oviduct [14],
and fertilization [15,16]. Also, proteins of the seminal plasma
are also empirically related to sperm parameters and
fertility indexes [17,18]. Thus, the present work was con-
ducted to evaluate the effects of increased scrotal temper-
ature, by means of scrotal insulation, on testis morphology,
semen parameters, and seminal plasma proteome of adult,
tropically adapted rams.
2. Materials and methods
2.1. General procedure
Six adult rams (57  1.5 kg) of the Morada Nova breed,
white variety, had their testes insulated for 8 days. Scrota of
all rams were insulated with bags madewith a double layer
of plastic and an inner layer of cotton, with cords in theedge of the bag opening, as reported before [4]. Brieﬂy, the
bags were positioned surrounding all scrota and were
ﬁxated by lacing the cords at the neck of the scrotum. The
bags remained at place during 8 days and were transiently
removed only during measurements of scrotal circumfer-
ence (SC) and scrotal surface temperature. Rectal and
scrotal temperatures, SC, and semen parameters were
evaluated 7 days before insulation, on the day of insulation
(immediately before placing the insulation device), twice
during scrotal insulation, and weekly until semen param-
eters became equivalent to preinsulation values. Thus,
semen samples were collected during 141 days, including
7 days before insulation and 134 days after that.
Seminal plasma collected during the experiment was
subjected to two-dimensional (2-D) electrophoresis, and
protein spots differentially expressed as the result of scrotal
insulationwere identiﬁedbymass spectrometry (electrospray
ionization-quadrupole-time of ﬂight [ESI-Q-TOF]). All rams
were managed in accordance to International Guiding Prin-
ciples for Biomedical Research Involving Animals. Starting
1 month before insulation and throughout the experiment,
the rams were kept in individual pens and fed Tifton hay
(Cynodon dactylon) and concentrate, following recommenda-
tions of the National Research Council (NRC, 2007) for sheep.
The rams also had free access to water and mineral supple-
ment. The experiment was conducted in the Northeast of
Brazil (3 430 600 S, 38 320 3400 W), between July andDecember
of 2012,when average air temperature, relative humidity, and
the temperature–humidity index were 29.5  0.1 C,
57  0.2%, and 78.0  0.1, respectively. In that region, tem-
peratures usually remain without major changes and days
have the same length throughout the year. Thus, there are no
variations in the photoperiod and no season effects on semen
quality of rams [19].
2.2. Measurements of rectal and scrotal skin temperatures
and testis size
In the mornings (8 AM) and immediately before every
semen collection, we measured both the rectal temperature
and the temperature of the scrotal skin of all animals. Rectal
temperature was determined using a digital thermometer
(Incoterm, São Paulo, Brazil). Temperature of the scrotal skin
was taken using an infrared thermometer (Minipa MT-350,
São Paulo, Brazil), pointing the device directly toward the
caudal area of each testis, at a distance of 10 cm. Tempera-
tures of the right and left testes were averaged and used for
the statistical analysis. During the days of scrotal insulation,
temperature of testis skinwas obtained by quickly removing
the insulation device. Scrotal circumference was measured
during preinsulation, insulation, and after removal of the
insulation device, at weekly intervals [4].
2.3. Collection and analysis of semen
Semen samples were collected weekly by electro-
ejaculation (Torjet-65; Neovet, Minas Gerais, Brazil) and
immediately placed in a water bath (37 C; [20]). Only one
ejaculate was collected per animal each week. Previous
studies showed that elevated testis temperature reduces
libido, especially when scrotal insulation is used as a model
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the gonads, this certainly could compromise semen
collection by artiﬁcial vagina in case animals had decreased
libido. Thus, semen collection in the present study was
carried out by electroejaculation.
Aliquots of semen were taken for visual assessment of
mass motility, individual sperm progressive motility, and
the percentage of motile sperm, as previously described in
detail [23,24]. Brieﬂy, one drop of semen was placed on a
glass slide and evaluated under light microscopy (magni-
ﬁcation:  100) to assess the sperm mass motility (0–5).
Another drop was placed on a slide, diluted (1:1) with PBS
at 37 C, and covered with a coverslip for evaluation of
individual progressive motility (0–5) and the percentage of
motile sperm, under light microscopy (magniﬁcation: 
400), evaluating ﬁve different ﬁelds. Sperm concentration
was determined with the aid of a Neubauer chamber,
diluting semen samples (1:400) in a buffered saline formol
solution (0.54% NaCl, 0.62% Na2HPO4, 0.13% KH2PO4, 5%
formaldehyde, pH 7.4). Aliquots of semen samples were
smeared on slides and stained with bromophenol blue [25]
for evaluation of sperm morphology [26], counting
200 cells/animal/semen collection. The remaining semen
samples were treated with a protease inhibitor cocktail
(Sigma–Aldrich, St. Louis, MO, USA) and centrifuged at
700  g for 15 minutes (4 C) to separate the seminal
plasma from sperm. Seminal plasma was then transferred
to a clean tube and centrifuged once more (5000  g,
60 minutes, 4 C). After the last centrifugation, seminal
ﬂuid was divided into aliquots and stored at 20 C [27].
2.4. Two-dimensional electrophoresis
For 2-D electrophoresis of seminal plasma proteins,
samples were chosen at key periods of the experiment.
These periods corresponded to preinsulation (Day 0), Days
4 and 8 of insulation, Day 15 (7 days after removal of
insulation), Day 29 (when animals became azoospermic),
Days 50 and 71 (middle and ﬁnal phase of azoospermia,
respectively), Day 85 (detection of sperm in the ejaculates),
Days 113 and 134 (when rams started to show recovery of
semen parameters as compared to preinsulation values).
Aliquots of seminal plasma samples were used to deter-
mine total protein concentration [28], running this protocol
in triplicates and using BSA (Sigma–Aldrich) as standards.
Electrophoresis of seminal plasma was carried out as
described before [18,20], with modiﬁcations. In summary,
each seminal plasma sample containing 750 mg of total
protein was mixed with rehydration buffer (7-M urea, 2-M
thiourea, 65-mM dithiothreitol [DTT], 0.5% free ampholytes
[IPG buffer, pH 4–7], 0.5% CHAPS {3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate}, and traces of
bromophenol blue) sufﬁcient to make 340 mL. Then, the
samples were loaded in the reswelling tray, incubated with
18-cm IPG (immobilized pH gradient) strips (pH 4–7, linear;
GE Life Sciences, Piscataway, NJ, USA), and allowed to
rehydrate for 20 hours. Isoelectric focusing was carried out
in Ettan IPGphor 3 apparatus (GE Life sciences) at 20 C,
according to the following program: 500 V (500 Vh),1000 V
(800 Vh), 10,000 V (16,500 Vh), and 10,000 V (16,000 Vh),
with a total of 33,805 Vh. After focusing, IPG strips wereincubated (15 minutes) in equilibration buffer I (6-M urea,
50-mM Tris–HCl pH 8.8, 29.3% glycerol, 2% SDS, 1% DTT)
and re-equilibrated for additional 15 minutes in buffer II
(similar to equilibration buffer I, but containing 2.5%
iodoacetamide instead of DTT). After equilibration, strips
were ﬁxed on the top of homogeneous SDS-PAGE gels
(12.5%) with agarose (5% in SDS-PAGE running buffer) and
run at 500 V, with 40 mA per gel (Ettan DALTsix; GE Life
Sciences).
Gels were stained in colloidal Coomassie blue, on the
basis of a protocol ﬁrst described by Candiano et al. (2004)
[29] and later adapted in our laboratory [20,30]. In summary,
in second phase of 2-D electrophoresis, gels were washed
three times (20 minutes each) in a solution containing
phosphoric acid (2%) and ethanol (30%). Then, three other
washes in 2% phosphoric acid were followed, and gels were
then immersed for 72 hours in a solution with phosphoric
acid (2%), ethanol (18%), and ammonium sulfate (15%),
added with 8 mL of a Coomassie blue G-250 solution (2%).
2.5. Analysis of gel images
Two-dimensional gels of seminal plasma were scanned
at 600 dpi (ImageScanner III; GE Life Sciences), saved as
tagged image ﬁle format (.tiff) ﬁles, and analyzed using
PDQuest software, version 7.3.0 (Bio-Rad, Hercules, CA,
USA), as previously described in detail [18]. Gels were
analyzed in two different strategies. For the ﬁrst one, we
evaluated changes in protein spots in speciﬁc regions of the
2-D maps by selecting 48 gels of samples from the pre-
insulation (ﬁve gels), insulation (Day 4 [six gels]; Day 8 [ﬁve
gels]), and postinsulation periods (Day 15 [six gels]; Day 29
[four gels]; Day 50 [four gels]; Day 71 [three gels]; Day 85
[four gels]; Day 113 [six gels]; Day 134 [ﬁve gels]). Indi-
vidual match sets were performed for each of the 10 groups
of maps, and therefore, a master gel was generated for each
one of those groups.
In the second strategy, a statistical analysis was carried
out on the basis of a match set with 29 gels from six phases,
as follows: before insulation (Day 0 [four gels]), during
insulation (Day 4 [six gels]; Day 8 [ﬁve gels]), and post-
insulation (Day 29 [four gels]; Day 113 [ﬁve gels]; Day 134
[ﬁve gels]). Day 29 coincided when ejaculates were most
compromised and Days 113 and 134, when semen param-
eters returned to preinsulation values. We only selected
phases that had at least four gels and minimal acceptable
variation among them. The master gel in the 29-gel match
set was based on a gel made with seminal plasma from the
preinsulation period. The total integrated optical density of
spots, given by PDQuest, was used in the statistical analysis.
2.6. In-gel protein digestion
Proteins separatedby2-D electrophoresis andmarked as
spots in the seminal plasma gels were destained and sub-
jected to in-gel trypsin digestion, as described before
[18,27]. In this case, we only selected spots identiﬁed by
statistical analysis as differentially expressed in the experi-
mental phases. Brieﬂy, each spot was excised individually
from at least three gels, cut into 1-mm3 pieces, and trans-
ferred to clean tubes. Dye and SDS were removed from the
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acetonitrile (50%) and ammonium bicarbonate (50%;
25 mM, pH 8.0). Gel pieces were then dehydrated after two
washes with 200 mL of absolute acetonitrile for 5 minutes
and air dried at room temperature. We incubated the
resulting material for 20 hours (37 C) with trypsin (166 ng/
spot; cat. #V5111; Promega, Madison, WI, USA). Peptides
were extracted from gel pieces by washing with 5% tri-
ﬂuoroacetic acid, 50% acetonitrile, in ammonium bicar-
bonate (50 mM) during 30 minutes, in three washes.
Supernatants were transferred to microtubes and vacuum
dried (Eppendorf, Hauppauge, NY, USA). A piece of blank gel,
without spots, and a piece of albumin from the molecular
mass markers were submitted to the same procedure and
used as negative and positive controls, respectively.
2.7. Protein identiﬁcation by ESI-Q-TOF mass spectrometry
The method for protein identiﬁcation by liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
has been described before [20,27,30]. In brief, the extracts
were dried and resuspended in 10 mL of 5% acetonitrile
containing formic acid (0.1%). Tryptic digests were analyzed
by capillary liquid chromatography/nanoelectrospray ioni-
zation tandem mass spectrometry (nanoUPLC-MS/MS),
using a Synapt G1 HDMSmass spectrometer (Waters Corp.,
Milford, MA, USA). Proteolytic digests (5 mL) were injected
into solvent A (acetonitrile/water/formic acid, 5/95/0.1)
supplied by the auxiliary pump of the capillary high-
performance liquid chromatography unit and trapped in a
Waters Symmetry 300 column (C-18, 5-mm ﬁlm;
0.3 mm  5 mm) for on-line desalting and preconcentra-
tion. After washing for 3 minutes with solvent A at 5 mL/
min, trapped peptides were then back ﬂushed with the
gradient solvent ﬂow on to the analytical column, an HSS
T3 fused silica capillary column (C-18, 5 mm,
0.075 mm  150 mm), using a 10-port switching valve. The
analytical columnwas runwith a gradient (5%–80% solvent
B; acetonitrile/water/formic acid; 95/5/0.2; in 40 minutes).
The mass spectrometer was calibrated using Glu-Fib
product ion fragments as needed to maintain mass accu-
racy within 10 parts per million.
The ESI-Q-TOF mass spectrometer was operated to ac-
quire tandem mass spectrometry of tryptic peptides in a
data-dependent acquisition mode for precursor ion selec-
tion using charge-state recognition and intensity threshold
as selection criteria using MassLynx 4.0 service pack 1. To
carry out the tandem mass spectrometric data acquisition,
a survey scan (1.5 seconds) over them/z of 400 to 1500 was
performed. From each survey scan, up to threemost intense
precursor ions based on the selection criteria were chosen
for tandem mass spectrometry to obtain the production
spectra resulting from collision-induced dissociation in the
presence of argon. The product ion spectra (6–8 seconds)
collected were processed using Protein Lynx Global Server
2.1 and were converted to peak-list text ﬁles for database
searching. To identify the proteins, MS/MS ion searches
were performed on the processed spectra against the
NCBInr and SwissProt databases using MASCOT Daemon
and search engine (Matrix Science Inc., Boston, MA, USA).
The searches were made with the assumption that therewas a maximum of one missed trypsin cleavage and that
peptides were monoisotopic and using partially oxidized
methionine residues, and completely carbamidomethy-
lated cysteine residues. Peptide mass tolerance and frag-
ment mass tolerance were initially set to 0.3 and 0.1 Da,
respectively, for MS/MS ion searching. However, candidate
peptide IDs were only accepted if the m/z values were
observed within 0.1 Da of the theoretical mass of the
candidate ID, as determined when manually reviewing
MASCOT search results. The false-positive rate was deter-
mined by running searches using the same parameters
against a decoy database.
2.8. Gene ontology analysis
Data from the seminal plasma proteins obtained after
MASCOT search were analyzed using the software for
researching annotations of proteins (STRAP), an open-
source application [20]. Gene ontology terms for biolog-
ical process, cellular component, and molecular function
were obtained from UniProtKB and EBI GOA databases.
2.9. Protein interaction analysis
Interactions associated with seminal plasma proteins
differentially expressed as the result of scrotal insulation
were evaluated with MetaCore v. 6.8 network (https://
portal.genego.com/; GeneGo, St. Joseph, MI, USA). These
types of in silico analysis include annotated databases, and
metabolic and signaling pathways gathered from publica-
tions. Protein names were manually inserted in the system
and all interactions, processed considering canonical paths
[31]. Proteins related with response to stress and altered
signiﬁcantly included in the MetaCore analysis were DJ-1,
heat shock protein 70 (HSP70), heat shock protein 90
(HSP90), and albumin.
2.10. Statistical analysis
The experiment was conducted as a randomized block
design, where animals were considered as blocks and the
effects of scrotal insulation, evaluated at different periods.
All variables were checked for normality according to the
Shapiro–Wilk test and also evaluated for skewness and
kurtosis, on the basis of the UNIVARIATE procedure from the
Statistical Analysis System [32]. Variables were transformed
to log (xþ1) or arcsen (O(x/100)), when necessary. Para-
metric variableswere evaluated by ANOVA (GLMprocedure;
[32]), and means were compared by the Student–Newman–
Keuls or Student t tests. Nonparametric variables were
compared using Friedman’s test [33]. Initially, variables
were ranked using the RANK procedure [32]. Then, ranked
variables were evaluated by the GLM procedure, and means
were compared by the method of least-square means. As
mentioned previously, statistical differences in spot in-
tensities related to scrotal thermal stress were evaluated
using 29 gels of samples obtained before insulation, during
insulation (Days 4 and 8), and after insulation (Days 29, 113,
and 134). The pixel intensities of differentially expressed
protein spots were plotted in relation to the experimental
periods (before, during, and after scrotal insulation).
Fig. 1. Rectal (A) and testicular (B) temperatures in Morada Nova rams (n ¼ 6) subjected to scrotal insulation (mean  standard error of the mean). Arrows
indicate placement (Day 0) and removal (Day 8) of scrotal insulation. Value for Day 0 represents the average of two measurements, taken 7 days before and on the
day of placement of the insulation device. Means with different superscripts differ (P < 0.05).
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Before scrotal insulation, rectal temperature of the ani-
mals averaged 38.4  0.1 C. There was, however, a
decrease in such temperature 4 days after insulation, but
values returned to normal on Day 8, the last day of insu-
lation (Fig. 1A). Temperature of the scrotal skin increased
from 31.2  0.2 C (before insulation) to 35.2  0.3 C
during insulation (P < 0.05), but values returned toFig. 2. Scrotal circumference (A), percentage of motile sperm (B), morphologically n
subjected to scrotal insulation (means  standard error of the mean). Arrows indica
0 represents the average of two measurements, taken 7 days before and on the day o
(P < 0.05).preinsulation range 7 days after removal of the insulation
device (Fig. 1B).
An SC of 30  0.4 cm was determined in the pre-
experiment period, but it increased to 31  0.9 cm 4 days
after insulation started (P< 0.05). After Day 4, SC decreased
steadily, reaching the lowest measurement on Day 36
(22.6 0.6 cm; P< 0.05). After this phase, SC increased and
became equivalent to preinsulation values on Day 71
(63 days after the end of testis insulation; Fig. 2A).ormal sperm (C), and sperm concentration (D) in Morada Nova rams (n ¼ 6)
te placement (Day 0) and removal (Day 8) of scrotal insulation. Value for Day
f placement of the insulation device. Means with different superscripts differ
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after the beginning of scrotal insulation and reached nearly
zero on Day 8 (P < 0.05). From Day 15 to Day 64, motile
sperm were undetectable in the ejaculates. From Day 71 to
Day 78, sperm motility started to increase (P < 0.05) and
became equivalent to preinsulation values on Day 113
(Fig. 2B). The percentage of morphologically normal sperm
decreased from 92  2.7% on Day 0 (preinsulation) to
82  6.9% and 39  4.2% on Days 4 and 8, respectively
(P < 0.05; Fig. 2C). After Day 8, the percentage of normal
sperm continued to decrease and animals became azoo-
spermic from Day 29 to Day 64. After Day 64 (56 days after
the end of scrotal insulation), ejaculates displayed low
numbers of normal sperm, but this variable returned to
preinsulation values only on Day 106 (98 days after the end
of scrotal insulation; Fig. 2C). Preceding scrotal insulation,
semen samples mostly had cells with distal cytoplasmic
droplet (0.8%), coiled tail (4.7%), and normal detached
heads (5%). Also 8 days after insulation, ejaculates had 6%,
21%, 13%, and 12.5% of cells with distal cytoplasmic droplet,
coiled tail, bent tail, and detached sperm heads, respec-
tively. In the ﬁrst 2 weeks after the end of scrotal insulation
(Days 15 and 22), semen samples still had head (pyriform
heads: 4.6% and heads with abnormal contour: 4.2%) and
midpiece defects (bent tail: 4%). On Day 106, ejaculates
were found with 90  2.1% of normal sperm, which was
equivalent to preinsulation values. At that phase (Day 106),
the occurrence of cells with distal cytoplasmic droplet
(3.5%), coiled tail (2%), and detached normal heads (3.5%)
was equivalent to preinsulation values. Sperm concentra-
tion was reduced (P < 0.05) 8 days after the start of scrotal
insulation. On Day 29, all rams became azoospermic and
remained as such until Day 64 (56 days after insulation
ended), except for one animal that had an early recovery.
Values returned to normal range on Day 92 (Fig. 2D).
Before scrotal insulation, there were 256  31 spots per
seminal plasma 2-D gel, with 132 spots consistentlyFig. 3. Number of protein spots detected in the seminal plasma two-dimensiona
(means  standard error of the mean). Arrows indicate placement (Day 0) and remo
measurements, taken 7 days before and on the day of placement of the insulationpresent in all six protein maps. On Day 8, the average
number of spots per gel decreased to 151  8.8 (P < 0.05),
and on Day 29, there were only 104  14 spots/gel
(P < 0.05), with 57 spots present on every protein map of
the match set. After Day 29, the number of spots per gel
started a gradual recovery and reached 183  9 on Day 113
and 223  19 spots on Day 134. These two numbers were
equivalent to those determined in 2-D maps of seminal
plasma collected before scrotal insulation (Fig. 3).
Several spots detected in the gels of seminal plasma
collected before insulation became absent when animals
presented ejaculates with low sperm motility or were
azoospermic (Fig. 4). Our unpublished results and previous
publications have made available a large set of information
about the seminal plasma proteome of tropically adapted
rams [20,23,24,34]. Thus, we compared group of spots from
gels of the present study with the identity of spots
described in our previous work. The method we presently
used to obtain 2-D gels of ram seminal plasma was practi-
cally identical to that used in earlier experiments, including
the total amount of protein loaded per gel, pI interval of
strips for electrofocalization, gel acrylamide concentration,
gel staining protocol, strategy and software for analysis of
gel images, and pieces equipment. Results of 2-D gel com-
parisons are presented in Supplementary Figure 1.
To facilitate comparisons and better detect qualitative
changes in the2-Dproteinmaps,wegroupedspots in regions
of the gels that were most affected by scrotal insulation. Ac-
cording to this approach, it is clearly shown that the number
of spots of boxA (Fig. 4) decreased startingonDay 4of scrotal
insulation and initiated a return to the pattern of pre-
insulationperiod only onDay 134. Spots of box A, comparing
withprevious 2-Dmapswehave described, contain a diverse
set of proteins and their isoforms, including metal-
loproteinase2, plasmaglutamate carboxypeptidase, inositol-
3-P-synthase, albumin, TCP-1a, and TCP-1 3, transferrin,
cathepsin F, alpha-2-macroglobulin, angiotensin-convertingl (2-D) gels of Morada Nova rams (n ¼ 6) subjected to scrotal insulation
val (Day 8) of scrotal insulation. Value for Day 0 represents the average of two
device. Means with different superscripts differ (P < 0.05).
Fig. 4. Representative two-dimensional maps of seminal plasma proteins from Morada Nova rams (n ¼ 6) before (0 days), during (4 and 8 days), and after scrotal
insulation (15–134 days). Gels were stained with Coomassie blue and analyzed using the PDQuest software (Bio-Rad). Marked boxes (A–F) represent regions of
gels where the number of spots was altered after scrotal insulation.
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number of spots deﬁned in boxes B and C slowly returned to
preinsulationpatternsonDay134. Spots inboxCwereabsent
from the gels between Days 15 and 50, when animals were
practicallyazoospermic. Theareadeﬁned inboxBhadmainly
clusterin and that of box C also had clusterin isoforms, in
addition to galactokinase, aldose reductase, cathepsin F, and
malate dehydrogenase (Fig. 4). There were also varied re-
ductions in the number of spots detected in the region of
boxesD, E, and F as a result of scrotal insulation. Such regions
of 2-D gels contain isoforms of ram seminal vesicle protein
22 kDa (RSVP22; boxes D and E), bodhesin 2 (box E), and
bodhesin 1 and ram seminal vesicle protein 14 kDa (RSVP14;
boxF).Quantityof low-molecular-weight spots inboxGwere
also deeply affected after scrotal insulation ended and
became very low between Days 29 and 71, precisely when
rams were azoospermic.
The intensities of 21 spots, referring to 17 proteins, were
signiﬁcantly changed in the seminal plasma maps as the
result of scrotal insulation (Fig. 5; Supplementary Fig. 2;
Table 1). After the scrotal thermal insult, seminal plasma had
greater expression of bodhesin-2 (one isoform), HRPE773-
like, protein DJ-1 (PDJ-1), C-reactive protein (CRP) precur-
sor, albumin, heat shock protein 70 kDa (HSP70.3), actin
(two isoforms), and porcine seminal plasma (PSP) sper-
madhesins PSP-I and PSP-II (Fig. 5A). The protein spots
reached the greatest intensity between Day 8 (end of scrotal
insulation) and Day 29 and returned to preinsulation values
on Day 113. The exceptions refer to one isoform of actin,
returning to normal on Day 134, and PDJ-1 and CRP, which
did not return to preinsulation values even after Day 134
(126 days after the end of testis insulation; Fig. 5A).
Seminal plasma proteins downregulated as the result of
scrotal insulation were identiﬁed as Bdh2 (one isoform),RSVP22, three isoforms of matrix metalloproteinase 2
(MMP2), two-isoforms of heat shock protein 90 kDa
(HSP90.1), and one isoform of dipeptidyl peptidase 3
(DPP3; Fig. 5B). As part of this group, RSVP22, DPP3, Bdh2,
and one isoform of MMP2 and HSP90.1 were reduced only
on Days 113 (RSVP22) and 134 (all others). The expression
of two isoforms of MMP2 and one of HSP90.1 was reduced
throughout the experiment, reaching their lowest levels on
Day 134 (126 days after removal of the insulation device).
Spots identiﬁed as integrin b5, V-type Hþ-ATPase sub-
unit A, ZBTB 42-like protein, two isoforms of Bdh2, two
isoforms of PSP-I, and one isoform of RSVP22 were upre-
gulated after testis insulation. Intensities of these spots
reached maximum values (P < 0.05) 8 days after insulation
started or on Day 29 (when ejaculates were azoospermic).
On the basis of the spot intensity, the expression of these
proteins returned to preinsulation levels on Day 113. One
MMP2 isoform, however, returned to preinsulation
expression only on Day 134 (Fig. 5C). In some cases, more
than one proteinwas identiﬁed in the same spot (Fig. 5A–C,
graphs 1, 2, 3, 7, 8, 10, 12, 14, 16, 19, and 21).
The 17 proteins identiﬁed by mass spectrometry and
differentially expressed in the seminal plasma as the result
of scrotal insulation mainly participate in biological pro-
cesses associated with stimuli (6%), reproduction (5%) and
regulation (5%), among other metabolic events, and in-
teractions with cells and organisms (Fig. 6). The majority of
such proteins function in binding (14%), as chaperones (4%),
and in catalytic (3%) and antioxidant (3%) activities. Also,
some proteins are secreted (9%) or work as components of
the cytoplasm, nucleus, cytoskeleton, plasma membrane,
and macromolecular complexes. Detailed information
about all classes of gene ontology is also shown in
Supplementary Table 1.
Table 1
Differentially expressed proteins in the seminal plasma of Morada Nova rams as a function of scrotal insulation.
Protein Theoretical
kDa/pI
NCBI accession
number
MS/MS protein
score
Sequence
covered (%)
Matched peptides Ion score m/z z
Ram seminal vesicles 22 KDa protein (references# [14,35,36])
Spot 01 16.9/8.4 219521812 213 35 (76)EWCSLDEDYVGR(87) 63 764.8248 2
(99)CHFPFIYR(106) 27 569.7630 2
(113)CTTEGSAFGLAWCSLTEYFER(133) 36 1243.0475 2
(134)EYAWQYCDR(142) 47 645.2676 2
(134)EYAWQYCDRY(143) 42 727.296 2
Spot 03 16.9/8.4 219521812 56 8 (76)EWCSLDEDYVGR(87) 56 765.3171 2
Spot 06 16.9/8.4 219521812 166 20 (76)EWCSLDEDYVGR(87) 60 764.8239 2
(99)CHFPFIYR(106) 26 569.7640 2
(134)EYAWQYCDR(142) 44 645.7651 2
(134)EYAWQYCDRY(143) 36 727.2990 2
Spot 07 16.9/8.4 219521812 170 20 (76) EWCSLDEDYVGR (87) 63 764.8266 2
(99)CHFPFIYR (106) 25 569.7634 2
(134)EYAWQYCDR (142) 40 727.2977 2
(134) EYAWQYCDRY (143) 42 727.2977 2
Spot 08 16.9/8.4 219521812 167 15 (76)EWCSLDEDYVGR(87) 77 764.8239 2
(134)EYAWQYCDR(142) 47 645.7661 2
(134)EYAWQYCDRY(143) 43 727.2971 2
Bodhesin-2 (reference# [37])
Spot 01 11.6/6.8 121484235 137 27 (12)ISSSFSWGPK(21) 80 548.2783 2
(87)SSNQPVSPFDIFYYERPSA(105) 59 1102.5230 2
Spot 02 11.6/6.8 121484235 190 35 (12)ISSSFSWGPK(21) 80 548.2727 2
(22)CTWTILLK(29) 33 518.2814 2
(87)SSNQPVSPFDIFYYERPSA(105) 79 1103.0135 2
Spot 03 11.6/6.8 121484235 181 35 (12)ISSSFSWGPK(21) 80 548.2781 2
(22)CTWTILLK(29) 24 517.7902 2
(87)SSNQPVSPFDIFYYERPSA(105) 79 1102.5212 2
Spot 05 11.6/6.8 121484235 106 17 (12)ISSSFSWGPK(21) 80 548.2698 2
(22)CTWTILLK(29) 26 518.2832 2
Spot 08 11.6/6.8 121484235 80 9 (12)ISSSFSWGPK(21) 80 548.2799 2
Spot 09 11.6/6.8 121484235 189 35 (12)ISSSFSWGPK(21) 86 548.2796 2
(22)CTWTILLK(29) 26 518.2841 2
(87)SSNQPVSPFDIFYYERPSA(105) 79 1102.5153 2
Spot 10 11.6/6.8 121484235 140 27 (12)ISSSFSWGPK(21) 80 548.2822 2
(87)SSNQPVSPFDIFYYERPSA(105) 62 1102.5203 2
Serum albumin (reference# [38])
Spot 17 69.1/5.8 57164373 42 4 (402)HLVDEPQNLIK(412) 6 653.3643 2
(437)KAPQVSTPTLVEISR(451) 42 542.6432 3
Major seminal plasma glycoprotein PSP-I precursor (reference# [39])
Spot 02 14.5/8.3 47523176 241 32 (34)LTDDYGTIFTYK(45) 81 718.8536 2
(34)LTDDYGTIFTYKGPK(48) 39 573.6240 3
(77)EYVEILEGAPGSK(89) 70 696.3586 2
(115)DSGHPASPYEIIFLR(129) 54 851.4367 2
Spot 03 14.5/8.3 47523176 194 30 (34)LTDDYGTIFTYK(45) 101 718.8533 2
(77)EYVEILEGAPGSK(89) 66 696.3594 2
(115)DSGHPASPYEIIFLR(129) 28 567.9552 3
Spot 04 14.5/8.3 47523176 168 30 (34)LTDDYGTIFTYK(45) 81 718.8536 2
(77)EYVEILEGAPGSK(89) 38 696.3575 2
(115)DSGHPASPYEIIFLR(129) 51 567.9573 3
Spot 07 14.5/8.3 47523176 184 30 (34)LTDDYGTIFTYK(45) 100 718.8532 2
(77)EYVEILEGAPGSK(89) 39 696.3593 2
(115)DSGHPASPYEIIFLR(129) 47 567.9567 3
Spot 21 14.5/8.3 47523176 220 30 (34)LTDDYGTIFTYK(45) 95 718.8521 2
(77)EYVEILEGAPGSK(89) 69 696.3577 2
(115)DSGHPASPYEIIFLR(129) 57 567.9566 3
Major seminal plasma glycoprotein PSP-II (reference# [39])
Spot 21 14.8/8.9 409260 62 12 (77)EYVEVFDGLLSGPSYGK(93) 62 930.4620 2
Heat shock–related 70-kDa protein 2 (reference# [40])
Spot 18 69.1/5.3 41386699 466 18 (27)VEIIANDQGNR(37) 22 614.8182 2
(38)TTPSYVAFTDTER(50) 100 744.3560 2
(114)TFFPEEISSMVLTK(127) 71 822.9182 2
(161)DAGTITGLNVLR(172) 61 615.3478 2
(173)IINEPTAAAIAYGLDK(188) 61 830.4542 2
(234)STAGDTHLGGEDFDNR(239) 26 564.5776 3
(300)FEELNADLFR(309) 65 627.3148 2
(327)GQIQEIVLVGGSTR(340) 44 728.9121 2
(457)FDLTGIPPAPR(467) 24 592.3312 2
(Continued on next page)
D.R. Rocha et al. / Theriogenology 84 (2015) 1291–13051298
Matrix metalloproteinase 2 (reference# [41])
Spot 13 73.8/5.5 151556868 213 10 (148)AFQVWSDVTPLR(159) 64 709.8776 2
(244)EYTSCTDTGR(253) 21 595.2436 2
(298)FQGTSYDSCTTEGR(311) 41 804.8356 2
(472)QDIVFDGISQIR(483) 35 696.3662 2
(521)IDAVYEDPQEEK(532) 31 718.3350 2
(581)TYIFAGDK(588) 24 457.7362 2
Spot 14 73.8/5.5 151556868 518 20 (129)IIGYTPDLDPQTVDDAFAR(147) 68 1054.0251 2
(148)AFQVWSDVTPLR(159) 66 709.8783 2
(226)YGNADGEYCK(235) 39 588.7356 2
(244)EYTSCTDTGR(253) 56 595.2454 2
(298)FQGTSYDSCTTEGR(311) 72 804.8375 2
(472)QDIVFDGISQIR(483) 38 696.3649 2
(502)DKPTGPLLVATFWPELPEK(520) 35 713.3884 3
(521)IDAVYEDPQEEK(532) 62 718.3353 2
(569)VDAAFNWSK(577) 39 518.7649 2
(581)TYIFAGDK(588) 28 457.7364 2
(598)KMDPGFPK(605) 23 468.2386 2
Spot 15 73.8/5.5 151556868 347 16 (129)IIGYTPDLDPQTVDDAFAR(147) 58 1054.0259 2
(148)AFQVWSDVTPLR(159) 64 709.8763 2
(244)EYTSCTDTGR(253) 60 595.2460 2
(298)FQGTSYDSCTTEGR(311) 64 804.8368 2
(472)QDIVFDGISQIR(483) 20 695.8730 2
(502)DKPTGPLLVATFWPELPEK(520) 24 713.3869 3
(521)IDAVYEDPQEEK(532) 31 718.3359 2
(581)TYIFAGDK(588) 32 457.7361 2
Spot 16 73.8/5.5 151556868 367 17 (129)IIGYTPDLDPQTVDDAFAR(147) 37 1054.0233 2
(148)AFQVWSDVTPLR(159) 57 709.8765 2
(226)YGNADGEYCK(235) 38 588.7376 2
(244)EYTSCTDTGR(253) 52 595.2463 2
(298)FQGTSYDSCTTEGR(311) 48 804.8370 2
(472)QDIVFDGISQIR(483) 34 696.3622 2
(502)DKPTGPLLVATFWPELPEK(520) 30 713.3866 3
(521)IDAVYEDPQEEK(532) 49 718.3350 2
(581)TYIFAGDK(588) 30 457.7365 2
Heat shock protein 90 beta (reference# [42])
Spot 14 82.4/4.9 126571549 53 1 (179)EDQTEYLEER(188) 56 656.2935 2
Spot 16 82.4/4.9 126571549 50 1 (179)EDQTEYLEER(188) 50 656.2918 2
Dipeptidyl peptidase 3 (reference# [43])
Spot 16 82/5.0 164420725 64 5 (326)GEFEGFVAMVNK(327) 26 672.3238 2
(406)NVSLGNVLAVAYATQR(421) 20 838.4628 2
(704)FLEDGPELEK(713) 18 588.7960 2
ZBTB 42 protein-like (reference# [44])
Spot 19 69.8/10 296475269 48 1 (115)VATMAPPR(122) 31 421.7601 2
Vacuolar Hþ-ATPase A subunit (reference# [45])
Spot 19 68.3/54 162705 792 32 (45)VGHSELVGEIIR(56) 63 654.8679 2
(143)VGSHITGGDIYGIVNENSLIK(163) 73 729.3857 3
(203)FSMVQVWPVR(212) 68 632.8316 2
(221)LPANHPLLTGQR(232) 40 439.9113 3
(257)TVISQSLSK(265) 24 481.7818 2
(281)GNEMSEVLR(289) 71 525.7504 2
(290)DFPELTMEVDGK(301) 59 698.8193 2
(309)TALVANTSNMPVAAR(323) 87 766.4017 2
(339)DMGYHVSMMADSTSR(353) 55 579.2259 3
(365)LAEMPADSGYPAYLGAR(381) 60 899.4313 2
(460)ALDEYYDK(467) 34 508.7335 2
(468)HFTEFVPLR(476) 44 573.3111 2
(514)LIKDDFLQQNGYTPYDR(530) 18 696.3396 3
(537)TVGMLSNMIAFYDMAR(552) 53 934.4285 2
(565)ITWSIIR(571) 24 444.7711 2
(572)EHMGEILYK(580) 31 568.2792 2
Chain A, model of actin-ﬁmbrin Abd2 complex (reference# [20,41])
Spot 20 41.5/5.3 168177284 614 44 (18)AGFAGDDAPR(27) 78 488.7301 2
(50)DSYVGDEAQSK(60) 47 599.7662 2
(84)IWHHTFYNELR(94) 28 505.9206 3
(95)VAPEEHPVLLTEAPLNPK(112) 26 652.0234 3
(147)TTGIVMDSGDGVTHTVPIYEGYALPHAILR(176) 85 800.6524 4
(183)DLTDYLMK(190) 30 507.7454 2
(196)GYSFTTTAER(205) 43 566.7679 2
(238)SYELPDGQVITIGNER(253) 45 895.9517 2
(291)DLYANTVLSGGTTMYPGIADR(311) 125 1116.0416 2
(315)EITALAPSTMK(325) 47 589.3118 2
(328)IIAPPER(334) 42 398.2400 2
(Continued on next page)
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Table 1 (continued )
Protein Theoretical
kDa/pI
NCBI accession
number
MS/MS protein
score
Sequence
covered (%)
Matched peptides Ion score m/z z
(359)QEYDESGPSIVHR(371) 27 506.2378 3
Actin, cytoplasmic 1 (reference# [20,41])
Spot 21 41.7/5.3 75832054 628 44 (19)AGFAGDDAPR(28) 78 488.7299 2
(29)AVFPSIVGRPR(39) 34 599.8576 2
(51)DSYVGDEAQSK(61) 58 599.7677 2
(96)VAPEEHPVLLTEAPLNPK(113) 28 652.0238 3
(148)TTGIVMDSGDGVTHTVPIYEGYALPHAILR(177) 74 800.6546 4
(184)DLTDYLMK(191) 32 507.7457 2
(197)GYSFTTTAER(206) 53 566.7681 2
(239)SYELPDGQVITIGNER(254) 47 895.9527 2
(292)DLYANTVLSGGTTMYPGIADR(312) 82 1116.0428 2
(316)EITALAPSTMK(326) 45 589.3126 2
(329)IIAPPER(335) 40 398.2418 2
(360)QEYDESGPSIVHR(372) 66 506.2377 3
HRPE773-like (references# [46,47])
Spot 10 17.6/8.5 296473588 101 15 (34)DFQNDITGIR(43) 43 589.7901 2
(44)VFIGPLGLIK(53) 29 528.8464 2
Integrin beta-5 (references# [48–50])
Spot 11 87.9/6.0 111183159 36 1 (219)HLLPLTDR(226) 36 482.7255 2
Protein DJ-1 (reference# [51])
Spot 12 20/6.8 62751849 211 25 (13)GAEEMETVIPVDVMR(27) 57 854.4022 2
(131)DKMMNGSHYSYSENR(145) 36 617.9110 3
(133)MMNGSHYSYSENR(145) 31 536.8721 3
(157)GPGTSFEFALK(167) 53 577.2990 2
(168)IVEVLVGK(175) 34 428.7790 2
C-reactive protein precursor (reference# [52])
Spot 12 25.3/6.4 221136893 104 14 (33)ETENSYVSLK(42) 25 585.2897 2
(77)QQPNEILIFWSK(88) 62 752.3991 2
(215)GEVFIKPQLW(224) 17 608.8420 2
Proteins were separated by two-dimensional electrophoresis and identiﬁed by tandem mass spectrometry.
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and HSP90 are illustrated in Supplementary Figure 3. Ac-
cording to MetaCore platform, there was a close network
among these four target proteins. Inside the network, DJ-1,
HSP70, and HSP90 were directly downregulated by a
ubiquitin system. Besides, we detected an association of DJ-
1, HSP70, and HSP90 with androgen receptor. One canoni-
cal pathway was found, highlighted in a thick cyan, which
showed a pathway from the heat shock factor 1, HSP40
(HDJ-2), and androgen receptor. This transcription factor
(heat shock factor 1) is also modulated by HSP70 and
HSP90. Moreover, the chaperone activity from DJ-1, HSP70,
and HSP90 was represented by a direct modulation of
metalloprotease-2.4. Discussion
The present study describes the effects of a thermal
insult to the gonads of rams. As expected, testis size and
sperm parameters were deeply affected after 8 days of
scrotal insulation, but, eventually, such parameters
returned to normality. Also, the thermal challenge signiﬁ-
cantly altered the seminal plasma proteome. Rectal tem-
perature decreased 4 days after scrotal insulation started
but returned to normal afterward. Although unexpected,
this event may reﬂect a temporary adaptation of animals to
the thermal insult to the gonads. Temperature of testis skin
increased after scrotal insulation but returned to normal
7 days after removal of insulation device, similar to previ-
ous studies [4,5]. Thus, the effect of scrotal insulation ontestis and body temperatures was transient, with no signs
of subsequent alterations of these variables.
An SC enlargement was detected on Day 4 of insulation,
which may be the result of transient ﬂuid accumulation.
The fact we detected a 37.5% reduction in testicular ﬁrm-
ness (data not shown) coincidently in that particular phase
is also an indication of cell loss in the gonad. Duration of
spermatogenesis and epididymal transit in the ram vary
from 42 to 53 days [53] and from 13 to 15 days [54],
respectively. Thus, the time gap between insulation and
return of SC to normal coincides with the time for sper-
matogenesis and epididymal transit. Pronounced decreases
in testis size after scrotal insulation in the present study
were certainly associated with testis degeneration, as we
reported for Santa Inês rams [55]. This concept is supported
by the fact that, in bulls, increased gonad temperature re-
duces the number of spermatocytes and spermatids [56].
The percentage of motile and the number of morpho-
logically normal sperm were quickly reduced after scrotal
insulation of rams. Similar results have been described in
Santa Inês rams [55] and Bos indicus and crossbred bulls [9],
where decapitated sperm and cells with tail defects were
the ﬁrst abnormalities found after scrotal insulation.
Considering 13 to 15 days as the epididymal transit in the
ram, it becomes obvious in the present study that most
sperm collected between Days 4 and 22 were already in the
epididymis when the scrotum was insulated, suggesting
that early alterations in semen parameters were caused by
disruptions of sperm maturation and epididymal function.
In fact, studies show that insulation of bull testes reduces
sperm viability and numbers in the cauda epididymis [57]
Fig. 5. Changes in the intensity of protein spots in seminal plasma two-dimensional maps fromMorada Nova rams subjected to scrotal insulation (means standard
error of the mean). Means with different superscripts differ (P < 0.05). (A) Spots with high intensity between days 8 (end of scrotal insulation) and 29, returning to
pre-insulation values on day 113 or 134. (B) Spots with low intensity on days 113 or 134. (C) Varied patterns of spot intensities after scrotal insulation.
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alters protein synthesis [58] and damage mitochondrial
metabolism [59] and sperm membrane [60]. From Day 29
to Day 71, rams became azoospermic. On Day 29, cells
forming the sperm would be at spermiogenesis, whereason Day 71, cells that would form the sperm were at the
beginning of meiosis [61]. Thus, testicular cells appear to
show distinct sensitivity to local heat stress, and meiosis
and spermatid differentiation seem to be the most
vulnerable events, as reported before for bulls [7]. In
Fig. 6. Pie charts showing gene ontology annotations of seminal plasma proteomes of the Morada Nova rams subjected to scrotal insulation, based on their
biological process, molecular function, and cellular component. Protein data were analyzed using the software for researching annotations of proteins (STRAP).
Gene ontology terms were obtained from UniProtKB and EBI GOA databases.
D.R. Rocha et al. / Theriogenology 84 (2015) 1291–13051302contrast with a rapid decrease in sperm morphology and
motility after scrotal insulation, return of these parameters
to preinsulation values required 98 and 105 days, respec-
tively. Thus, even after SC and sperm concentration
regained normality, gonads and epididymides retained the
damages of transient scrotal heat stress because sperm
morphology and motility took longer to recover.
The number of spots per seminal plasma 2-D gel grad-
ually reduced after scrotal insulation, coincidental with low
semen quality and azoospermia, and increased timely as
sperm parameters recovered. When seminal plasma 2-D
maps of scrotal insulated rams were compared with those
of nonstressed ones evaluated in previous studies
[20,23,24,34], it becomes clear that the expression of several
groups of proteinswas deeply affected by the thermal stress.
Seminal proteins mainly come from cauda epididymides
and accessory sex glands, although some also originate by
shedding from sperm [20,29,62]. Thus, decreased seminal
protein expression caused by scrotal insulation surely re-
ﬂects a disruption of epididymal function, as mentioned
previously, but the effects of scrotal insulation on accessory
sex glands must be indirect. Scrotal insulation causes
degeneration of Leydig cells [21] and reduces their testos-
terone secretion by ovine Leydig cells [21], and because both
epididymal [63] and accessory sex gland [64] functions are
under androgen control, changes in testosterone releasewas
a plausible reason for the decrease in seminal plasma pro-
teins of accessory sex gland origin [65]. A study shows that
40 proteins were lost from the ram seminal plasma after
scrotal high temperature during 165 days, but molecules
such as binder of sperm (BSP) homologues andspermadhesins, typical of accessory sex glands, were not
affected [66]. Conversely, our investigation describes varia-
tions in BSP homologues and spermadhesin isoforms after
scrotal insulation. However, in that study, scrotal insulation
was carried out in a controlled environment (20 C–25 C)
and caused a 2 C increase in scrotal temperature. Differ-
ently, our animals were raised in open pens, in a tropical
environment, and subjected to a 4 C change in scrotal
temperature, twice the value reported elsewhere [66]. Thus,
such diverse characteristics may account for different effects
of scrotal thermal stress described in the two studies.
In the present work, there were 21 spots (referring to 17
seminal plasma proteins) with differential intensities as a
result of scrotal insulation, and some of their main func-
tions and how they potentially affect reproduction are
discussed in the following.
Scrotal insulation affected the expression of seminal
proteins involved in protection of sperm against oxidative
stress, microorganisms, and the immune system. Albumin,
HSP70, HSP90, and PDJ-1 were among antioxidant proteins
affected by scrotal insulation. As well established, sperm
metabolism generates reactive oxygen species that, when
in excess, adversely affect cell function [67]. Albumin binds
to free radicals, protecting sperm against lipid peroxidation
[38], and transferrin, in turn, chelates free iron, preventing
both oxidative stress [68] and microorganism growth [69].
Coincidentally, the expression of seminal plasma albumin
increased during and after scrotal insulation reached a
maximumwhen there was low semen quality and returned
to preinsulation levels when semen parameters were
normal again. During insulation and ﬁrst 4 weeks after
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production of reactive oxygen species and limited antioxi-
dant defenses in the seminal plasma contributed to poor
semen quality. HSP70, HSP90, and PDJ-1 were affected by
insulation of the ram scrotum. In silico protein interaction
analysis (Supplementary Fig. 3) shows a network involving
those three proteins and that all of them are downregulated
by a ubiquitin system. The ubiquitin system selectively and
efﬁciently degrades denatured and/or misfolded proteins
that arise as a result of posttranslational environmental
stress [70]. Besides, there was an association of PDJ-1,
HSP70, and HSP90 with androgen receptor. These proteins
are secreted in response to cell damage, and they protect
cells by refolding proteins, assist the degradation of
unfolded proteins [71], and downregulate apoptotic path-
ways [72]. In the present study, the intensity of HSP70 spot
increased during insulation and early postinsulation
(29 days), decreasing afterward. In agreement with our
results, previous studies conﬁrm that subjection of rabbits
to chronic high temperature and humidity induces HSP70
expression in epididymides [40]. Besides, we observed by in
silico network analysis (Supplementary Fig. 3) that HSP70
activates PDJ-1, another chaperone with antiapoptotic and
antioxidant activities [51]. The present work is the ﬁrst to
report PDJ-1 in the seminal plasma of ruminants. C-reactive
protein, in turn, is released in response to cell damage and
inﬂammation [52], and its expression in the seminal
plasma, as well as that of PDJ-1, CRP, and HSP70, showed
variations coincident with changes in semen parameters as
they were maximum when animals became azoospermic
and returned to preinsulation values afterward. Different
from this pattern, HSP90 expression decreased in response
to scrotal insulation, coincident with the periods of poor
semen quality in the rams. However, the reasonwhy HSP90
spot intensity decreased in the ram seminal plasma is
presently unknown, but it may be related to the fact that
HSP90 is not a typical HSPmember, as it is already abundant
under nonstress conditions, functioning mostly as a
housekeeping component to mediate protein folding [42].
Seminal plasma matrix metalloproteinase 2 and DPP3
were signiﬁcantly affected by scrotal insulation. In mam-
mals, these metalloproteinases (MMP2 and DPP3) origi-
nate mostly from the epididymis [41,73] and act on
membrane remodeling [43] during sperm maturation. In
general, scrotal insulation caused consistent reductions in
the expression of these proteases until the end of the
study, suggesting that effects of increased scrotal tem-
perature occurred beyond the period when sperm pa-
rameters returned to normal values. In the ram seminal
plasma 2-D maps, the expression of another epididymal
protein, V-type Hþ-ATPase, signiﬁcantly decreased at the
end of the study (Days 113 and 134). Hþ-ATPase is present
in the membrane of epididymal cells, and it helps to
maintain sperm at a quiescent state in an acidic epidid-
ymal lumen [45]. Thus, altered expression of V-type Hþ-
ATPase likely reﬂect a long-lasting damage caused by heat
on epididymal cells, as also noticed in the case of MMP2
and DPP3 expression.
Seminal ﬂuid components differentially expressed as the
result of scrotal insulation were also identiﬁed as spermad-
hesins PSP-I/PSP-II and bodhesin 2. In rams, spermadhesinsmainly originate from the accessory sex glands and partici-
pate in spermcapacitation, spermbinding to theoviduct, and
sperm–egg interaction [37]. PSP-I/PSP-II complex is a major
constituent of boar seminal plasma [74] and exerts a pro-
tective effect on spermviability [39]. The intensity of PSP and
Bdh2 spots increased or remained without changes from
insulation to after insulation and reduced to preinsulation
values on Day 113. As these proteins bind to sperm [20], it is
therefore expected that more of such molecules are present
in the seminal ﬂuid when there is less sperm.
Ram seminal vesicle proteins were also affected by testis
insulation. Ram seminal vesicle proteins are BSP protein
homologues and represent the most abundant proteins of
ram seminal plasma. Ram seminal vesicle proteins are
expressed as RSVP14 and RSVP22 isoforms and produced
by the vesicular glands, binding to the ram sperm during
ejaculation [20,30,35,75–77]. In the bovine, BSPs are
involved in sperm capacitation [35] and sperm–oviduct
interaction [14], and, in rams, these proteins protect sperm
against cold shock and apoptosis [36]. RSVP14 is charac-
terized bymajor isoforms at 12 to 14 kDa, and RSVP14 spots
were never absent from the seminal plasma 2-D gels, but
their intensities decreased after scrotal insulation, return-
ing to preinsulation values on Day 134. RSVP22 is also
highly polymorphic, and the number of RSVP22 spots in the
protein maps reached the lowest when animals were
azoospermic after insulation, returning to normal after-
ward. Thus, variations in RSVP expressions caused by
scrotal insulation were mostly coincident with changes in
sperm parameters.
Integrins are membrane components, mediating cell–
cell communication and signaling pathways [48]. Mouse
integrins mediate sperm–egg interaction [49], and heat or
oxidative stress results in loss of integrins from the cell
surface to the extracellular environment [50]. The greatest
intensity of integrin b5 spot was detected during scrotal
insulation, and this probably reﬂects the loss of proteins
from damaged sperm. Actin, as well known, is a cytoskel-
eton component, but it has been found in the cauda
epididymal and vesicular gland ﬂuids of rams [20] and bulls
[41]. The detection of actin in the seminal plasma increased
after insulation and reduced afterward, suggesting that
high scrotal temperature induced its release from dead
cells. In agreement with the present results, sperm proteins
have also been detected in the seminal plasma of rams with
azoospermia caused by scrotal insulation [66].
The expressions of ZBTB 42 protein-like and HRPE773-
like were affected by scrotal insulation. ZBTB 42 spot in-
tensity increased when semen quality was low. In mice,
changes in Sertoli cell ZBTB expression cause disruption of
spermatogenesis [44], and this protein is also secreted in
the cauda epididymal ﬂuid of rams [20]. Its appearance in
the seminal plasma of insulated animals was likely the
result of damage to epididymal and testicular cells.
HRPE773, in turn, mediates cell–cell interactions in
humans [46] and also has antibacterial properties [47].
Expression of ZBTB 42 and HRPE773 increased after the
thermal stress (when animals were azoospermic) and
returned to preinsulation levels afterward, a pattern that is
very similar to the expression of other protective proteins,
such as HSP70 and PDJ-1.
D.R. Rocha et al. / Theriogenology 84 (2015) 1291–13051304In the present study, climate conditions allowed an
overall well-being for the tropically adapted rams. We as-
sume therefore that changes in semen parameters and
seminal plasma proteome were mostly caused by the
thermal stress on the gonads and not due to the environ-
ment. Moreover, animals were kept in shaded pens, body
and testis temperatures were normal, and there were no
changes in either feed consumption or body weight (data
not shown). These parameters indicate that rams were not
under severe systemic stress. However, the presence of
bags covering the testes (for 8 days) may have caused a
localized discomfort and this would trigger the secretion of
corticotropin-releasing hormone and cortisol. As well
known, such event negatively affects gonad function and
steroid secretion [78] and, thus, it is possible that a sys-
temic action, via cortisol, may have occurred in our study.
However, insulation lasted only 8 days and, any stress
caused by high cortisol would be restricted to that period.
Given this potential effect and the dramatic change in testis
temperature caused by the insulation, it is plausible that
both were in place during the experiment, but it is likely
that the temperature effect was much more pronounced.
In conclusion, scrotal insulation has pronounced con-
sequences on testis and sperm parameters of rams, indi-
cating that both spermatogenesis and sperm maturation
were altered. Moreover, changes in the seminal plasma
proteome during and after the thermal insult were coin-
cident with alterations in semen parameters. Most of
seminal plasma proteins and sperm criteria eventually
returned to normality. Proteins affected by scrotal insu-
lation are potentially involved in sperm protection, matu-
ration, and fertilization. Also, gene ontology conﬁrms the
participation of such proteins in biological processes such
as chaperones and in catalytic and antioxidant activities.
The Morada Nova is one of the endangered livestock breeds
in South America. These animals represent important
sources of genetic diversity, and knowledge of their re-
sponses to increased gonad temperature is crucial.Acknowledgments
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